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Direct associative equilibrium provides probably the best way to measure the thermochemical
properties of ion–neutral complexes. This approach has been widely used in high pressure
mass spectrometry (HPMS). We describe the establishment and observation of equilibrium at
low pressure in the Fourier-transform ion cyclotron resonance (FT-ICR) spectrometer, using
the hydration reaction of protonated 18-crown-6 as a test case. The measured enthalpy and
entropy of monohydration are in agreement with the prior HPMS results, with the advantage
that the present measurements were possible in a temperature range nearly 100°C lower. The
low pressure regime of the FT-ICR technique makes accessible complexes bound by 10–15 kcal
higher than for a corresponding HPMS experiment. Modeling of the equilibrium experiment
was carried out using the Standard Hydrocarbon estimates of association kinetics. The
strongly coupled domains of pressure, binding energy, temperature, and molecular size were
mapped out for which it should be possible to establish and observe equilibrium under FT-ICR
conditions. The particular difficulties raised by small molecule size and high binding energy
were noted, and the possibility was noted that use of a high pressure of inert bath gas could
alleviate these problems by accelerating the attainment of equilibrium. (J Am Soc Mass
Spectrom 1999, 10, 862–868) © 1999 American Society for Mass Spectrometry
The thermochemistry of binding of gas-phase ionsto neutral partners is a central concern of physicalchemistry in mass spectrometry. Binding thermo-
chemistry is integral to thinking about many topics of
active current interest, such as attachment of metal ions
to neutrals, solvation of ions, formation of hydrogen-
bonded ion–neutral complexes, and so forth.
One of the ultimate standards for such thermochemi-
cal determinations is equilibrium measurements [1–4].
Most equilibrium thermochemical work has used li-
gand-transfer measurements or similar strategies in
which the thermochemistry of pairs of ionic complexes
is compared by establishing the equilibrium between
them, leading to the construction of thermochemical
ladders ultimately tied to a reference complex whose
thermochemistry is independently known. However,
the most direct strategy for determining the attachment
thermochemistry of an ion and a neutral partner is to
establish the actual attachment equilibrium
A1 1 Mº AM1. (1)
Measurement of the equilibrium constant and its tem-
perature dependence for this equilibrium yields the
enthalpy (DHd) and entropy (DSd) of dissociation di-
rectly, without the necessity for any reference ion or the
construction of any ladder of relative values. When this
direct association equilibrium strategy is feasible, its
advantages are strong: in systems where a useful refer-
ence binding system is not available, it offers an excel-
lent way to create reliable absolute binding thermo-
chemistry for anchoring other measurements; even
where a usable reference ion exists, it is attractive to
avoid the construction of a ladder of thermochemical
values to the compound of interest, because this is often
a long process with chances for unrecognized errors.
The advantages of the direct association strategy are
well known, and extensive high-quality information
has been gathered this way by high-pressure mass
spectrometry (HPMS) (for instance, see [4]). A limita-
tion of high-pressure measurements is that the high
pressure of neutral partners (M in eq 1) makes it hard to
establish and measure equilibrium for equilibrium con-
stants greater than a certain value. This in turn limits
the complexes accessible to study to binding energies
less than a certain magnitude. This limitation can be
relieved by working at lower neutral pressures, which
naturally suggests using the low-pressure Fourier-trans-
form ion cyclotron resonance (FT-ICR) ion-trapping mass
spectrometer. Price et al. [5] described an excellent illus-
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tration of this approach, in which they established equi-
librium on a time scale of a few hundred seconds for the
dimerization of N,N-dimethylacetamide in the FT-ICR
spectrometer at neutral pressures in the 1028 torr regime.
The present report gives some analysis of the potential
benefits of working at the low pressures accessible in
ion-trapping ICR mass spectrometers, and gives an illus-
tration of the measurement of an equilibrium constant in
this way. Other things being equal, the upper limit of
accessible binding energies can be increased by 10 to 15
kcal mol21 compared with high-pressure mass spectrom-
etry conditions, corresponding to reducing the neutral
pressure by 5 or 6 orders of magnitude.
It might seem that extremely low neutral pressures,
where an ion undergoes collisions at a rate which may
be less than 1 s21, would make the attainment of
equilibrium difficult. However, it has been appreciated
recently [6–15] that the emission and absorption of
infrared (IR) radiation by trapped ions is rapid enough
to provide energy equilibration of the internal degrees
of freedom of ions with their surroundings fast com-
pared with the ion trapping time scale. The rates of
exchange of infrared photons with the walls are of the
order of 10–1000 photons/s, which results in time
constants of the order of tens of milliseconds to seconds
for radiative equilibration of the ion’s internal temper-
ature with the wall temperature. As will be clarified
below, the time constants for establishing associative
equilibrium are governed by more a complicated inter-
play of rates, but the modeling shows that radiative
processes are also effective for this purpose in many
circumstances. Collisions are essential only for equili-
bration of the rotational and translational degrees of
freedom, which are equilibrated so efficiently that only
a small number of collisions are necessary.
As an illustration of the feasibility of this approach,
we have studied the hydration equilibrium of proton-
ated 18-crown-6,
This equilibrium was carefully characterized by HPMS
in Kebarle’s lab [16], and offers a useful test case. Our
work reported here does not add new science to the
results of Sharma and Kebarle, but is notable because
we were able to work with this equilibrium in a
temperature range centered nearly 100 °C lower than
that used in their study.
Experimental
Experiments used the FT-ICR instrument in our labora-
tory [17] based on a commercial Nicolet dual-cell in-
strument with a 3 tesla magnet, controlled by an Ion-
Spec data system. In this work only the analyzer-side
cell was used, and the source-side cell was removed.
18-crown-6 (Aldrich Chemicals, Milwaukee, WI, 99.51%)
was introduced on the unheated solid sample probe
inserted to a distance 10–20 cm from the trapping plate of
the cell. Ionization of the sample by electron impact at 20
eV was rapidly followed by self-CI so that within a few
seconds essentially all the initial ionization products were
converted to protonated 18-crown-6. Water was intro-
duced through a leak valve located on the high-vacuum
(analyzer) side of the conductance limit. Equilibration of
the water pressure was slow, taking as long as 20 min after
opening the leak valve. Normally each point (given pres-
sure, temperature) was the average of two duplicate runs
using 5–20 averaged scans for each run.
Heating of the system was performed, controlled,
and monitored using the standard heating functionality
of the Nicolet instrument. The entire vacuum system is
heated by heating tapes within an insulating blanket.
The temperature sensor was located on the outside
surface of the vacuum system (under the thermal insu-
lation) in the vicinity of the cell.
Figure 1 shows an illustrative spectrum taken after a
long enough trapping time for steady state (and pre-
sumably equilibrium) to be established. In addition to
the major peaks at m/z 265 (protonated 18-crown-6) and
283 (hydrated ion), several other minor peaks are seen.
These minor peaks did not grow with time, and thus did
not represent additional chemical processes that would
distort the equilibrium ratio of the peaks of interest.
The ion gauge readings of water pressure were
calibrated against the known rate (1.85 3 1029 cm3
molecule21 s21) of the reaction [18–20]
H2O
z1 1 H2O3 H3O
1 1 zOH. (3)
The various calibration factors canceled out coinciden-
tally so that the ion gauge readings were actually close
to the true pressure of water inside the cell.
The base pressure of the vacuum system was ,1028
torr at 300 K. At the highest temperature this rose to
;3 3 1028 torr, but because the water pressure was
above 1026 torr in this case, the background pressure
was considered insignificant. The pressure of crown
ether was not measured. It was kept low by withdrawal
of the probe from the vicinity of the aperture leading
into the high-vacuum region; the low crown-ether pres-
sure was confirmed by the nearly insignificant forma-
tion of proton-bound dimer, a reaction expected to be
very efficient at room temperature.
Results and Discussion
Experimental Results
Equilibrium measurements were made for reaction (2)
at a series of temperatures from 51 to 110 °C. The
neutral water pressure was increased with increasing
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temperature in order to avoid having one of the peaks
more than about 5 times larger than the other, because
ratios of peaks of widely differing heights are well
known to be prone to artifact problems in FT-ICR
detection. The pressures used ranged from the mid 1028
torr range at low temperatures up to the mid 1026 torr
range at high temperatures. Equilibrium was typically
approached in times of a few tens of seconds (judging
by the leveling off of the peak ratio), and the equilib-
rium peak ratio was normally determined after a time
between 50 and 100 s (going up to 250 s for the slowest
cases). The total number of collisions with water during
the trapping period varied from about 1000 to 8000.
Tests were made to check the stability of the observed
equilibria at reaction times as long as 800 s, which
confirmed that the reaction times used were long
enough to reach completely unvarying peak ratios.
One test of whether true equilibrium is established is
to check that the same peak ratio is reached starting
from either side of the equilibrium. Many of the points
were determined from both sides, as follows: To mea-
sure equilibrium approached in the association direc-
tion, it was sufficient simply to allow association of the
initial reactants until the m/z 285 peak grew to its
steady-state relative intensity. To measure equilibrium
approached in the dissociation direction, the initial
reaction was allowed to proceed for a time of typically
20 s; following this, the m/z 265 reactant ions were
ejected by an rf ejection pulse, and the equilibrium was
subsequently reestablished by the regrowth of m/z 265
back to its steady-state relative intensity. Figure 1 shows
a pair of spectra obtained in both directions, illustrating
the excellent agreement of the peak ratios for the two
measurements that was obtained in all cases.
Figure 2 displays the final equilibrium constant
results in the form of a van’t Hoff plot. The equilibrium
constant varies by a factor of about 1000 over this range,
which is a large enough change to give a good deter-
mination of DHd and DSd from the slope and intercept.
The values obtained were DHd 5 28.3 kcal mol
21 and
DSd 5 32.5 cal K
21 mol21. These values are compared
in Figure 2 to the values obtained by Sharma and
Kebarle [16] by HPMS. The agreement is satisfactory.
Applicability and Limits of this Approach
An important motivation for pushing the direct equi-
librium approach to low pressure is to extend its
applicability toward more strongly bound complexes
than are accessible to HPMS, so it may be interesting to
make a few estimates of the practical limits of this
approach. We will adopt the following boundary con-
ditions and assumptions: (1) pressure/reaction time: In
the FT-ICR ion trap a limited total number of collisions
between a trapped ion and neutral molecules is allowed
before the ion diffuses out of the trap. (Active trapping
Figure 1. Illustrative FT-ICR spectra under conditions where equilibrium was considered to be
established, giving an unvarying ratio of the peaks at m/z 265 and 283. Temperature 5 353 K, pressure
of H2O 5 6 3 10
27 torr. (a) Equilibrium approached from the left, after a reaction time of 40 s. (b)
Equilibrium approached from the right, with the rf ejection pulsed applied at 20 s followed by an
additional 45 s of reaction time.
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techniques like quadrupolar axialization [21] are not
acceptable unless conditions are such that the continu-
ous input of kinetic energy into the system does not
perturb the equilibrium in question, and it is doubtful
whether this can be achieved.) For a large ion moving in
a bath of small neutrals this limiting collision number is
large but finite; we will assume a limit of 104 collisions.
(2) temperature: higher temperature favors dissociation,
allowing stronger binding energies to be accessed, but
there are obviously instrumental limits as well as limits
to the thermal stability of the compounds. We will
model temperatures up to 500 K. (3) Total equilibration
time: for practical applications each individual point
must be done in a realistic amount of time. We will
require the time constant for approach to equilibrium to
be less than 250 s, so that an individual equilibrium
measurement can be made in less than 20 min. We will
assume that it takes four time constants for equilibrium
to be approached closely enough for a measurement. (4)
Dynamic range: measuring the ratio of a large peak to a
small peak by FT-ICR is well known to be problematic.
We will require the ratio of large peak to small peak to
be less than 100. (5) Stabilization mechanism: the rates
of the forward and reverse reactions in eq 1 are con-
trolled, among other things, by the rate of stabilization
of the metastable collision complex formed when A1
and M collide. This may occur by either radiative or
collisional energy exchange with the surroundings. As
is appropriate for the low-pressure conditions of inter-
est, we will assume in the following that the energy
exchange is radiative, but will say a few words later
about the possible use of an inert bath gas to enhance
the reaction rates by collisional energy exchange. Radi-
ative energy exchange means that the forward reaction
proceeds by the radiative association mechanism [22],
and the reverse reaction by the black-body radiative
dissociation mechanism (ZTRID [8, 15, 23–27] or BIRD
[11–14, 28, 29]). (6) Entropy of binding. Although equi-
librium is governed by the free energy of dissociation
DGd, we will be concerned below with the dissociation
enthalpy DHd; these are connected through the relation
DGd 5 DHd 2 TDSd. We will assume that the dissoci-
ation entropy DSd is 35 cal deg
21 K21, which is approx-
imately the translational entropy change disregarding
entropy changes connected with internal degrees of
freedom of the complex.
Because the inverse time constant for approach to
equilibrium is the sum of the forward and reverse
first-order rate constants, we can analyze the approach
to equilibrium by considering either the association
process or the dissociation process. We are most inter-
ested in situations where the equilibrium lies to the
right, so that the association rate constant is faster. Thus
it is convenient and appropriate to use the (pseudo-
first-order) radiative association rate constant to esti-
mate the time scale for approaching equilibrium, using
the estimates we have worked out for the radiative
association kinetics of typical hydrocarbon systems (the
Standard Hydrocarbon model [6, 10, 30]). The question
to address is whether the approach to equilibrium is
fast enough to meet both of the two collision conditions
given above: The total number of collisions must be less
than 104, and the reaction time (the number of collisions
divided by the collision rate) must be less than 1000 s.
Using the Standard Hydrocarbon estimates of [10],
various combinations of temperature, pressure, com-
plex size, and DHd, were modeled in order to explore
the limits on these strongly coupled parameters [31].
The results of this modeling are of course not quantita-
tively definitive, because there is a great deal of flexi-
bility in the choice of parameters, assumptions, and
boundary conditions described above. However, these
numerical results will lead to some robust conclusions
which are interesting even within this substantial flex-
ibility.
The first constraint clarified by the modeling is that
on the pressure. Given that [AM1] is not to exceed [A1]
by more than a factor of 100, the pressure must be kept
low enough to keep the equilibrium from shifting too
far to the right. As a function of the dissociation
enthalpy, the largest pressure of M that can be used is
readily calculated, as shown in Figure 3 for three
temperatures. It is seen that lowering the pressure
increases the value of the highest accessible dissociation
enthalpy, but the gain by doing this is not very rapid.
If the pressure/temperature constraints represented
by Figure 3 are satisfied, the equilibrium in question is
theoretically observable by this technique, but it will
only be observable in fact if the approach to equilibrium
is fast enough. The modeling shows that an additional
factor, that of size (i.e., the number of degrees of
Figure 2. Plot of our observed equilibrium constant values (filled
circle) in the form of a van’t Hoff plot of R ln K vs. inverse
temperature. The enthalpy and entropy of association derived
from the slope and intercept of the plot are shown, and are
compared with the HPMS values from [16]. The uncertainties from
the linear fit are 62.5 cal K21 mol21 on DSd, and 60.8 kcal mol
21
on DHd; overall uncertainties, including uncertainties in pressure
and temperature calibrations and other variables, are larger but
hard to quantify.
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freedom) of the complex AM1, is also of crucial impor-
tance in answering this question and that other things
being equal equilibrium is much more rapidly achieved
for large systems than for small ones. Figure 4 displays
some modeled results on this question, for the two
temperatures of 400 and 500 K. For each of the temper-
atures, what is shown at a given value of DHd is the
smallest complex size for which equilibrium can be
established within the time/collision constraints given
above. Also shown for various points along the curves
are the corresponding pressures required in order for
equilibrium to be observable (these latter numbers
being transferred directly from Figure 3 to the corre-
sponding positions on Figure 4).
Figure 4 has some points of interest for thinking
about the applicability of the direct equilibrium
method. At a chosen working temperature, it is seen
that equilibria having lower values of DHd are accessi-
ble using quite reasonable pressures and for molecules
extending down to quite small sizes. However, as one
pushes toward the highest value of DHd that can be
accessed at the given temperature, we find that the
pressure must be decreased to very low values, and at
the same time the minimum size of the system rises
sharply.
For a given temperature there turns out to be a
minimum complex size below which no combination of
DHd and pressure exists for which the equilibrium can
be established and observed. This lower-limit size is
about 70 degrees of freedom at 400 K, 50 degrees of
freedom at 500 K. The existence of this size minimum
can be rationalized qualitatively based on the fact that
for small molecules the radiative association efficiency
is low unless the system has high DHd. In the case of a
low DHd, we can go to high pressure to speed up the
establishment of equilibrium in the face of the low
association efficiency, but we will then exceed the limit
on the total number of collisions. In the case of a high
DHd where the equilibrium lies far to the right, we can
go to low pressure to shift the equilibrium back to the
left, but the establishment of equilibrium will then be
too slow. As Figure 4 indicates, there is a particular
dissociation enthalpy at each temperature where these
conflicting factors give the lowest accessible size, and
no smaller size is accessible at all at the given temper-
ature. The figure also suggests that raising the temper-
ature helps to make smaller systems accessible, but this
gain is not very rapid. Many smaller systems of interest
to our group, like small ions binding to benzene-sized
neutrals (of the order of 35 degrees of freedom) [17,
32–37], thus appear unpromising for investigation by
this approach, regardless of their binding energy.
The use of an inert collisional bath gas to enhance the
rate of energy equilibration with the surroundings
seems as if it should be a highly effective strategy. This
can indeed help to relieve the constraints on attaining
equilibrium, but it turns out to be useful in fewer
situations than one initially expects. For larger mole-
cules the rate of photon exchange with the surround-
ings is quite high, often exceeding 100 s21 for moder-
ately sized systems, and to achieve a major gain over
this radiative process by adding in bath gas collisions,
the pressure must be very high, typically above 1025
torr. Such high pressures are likely to lead to violating
the total-collisions limit, or in other words the frequent
collisions with bath gas diffuse the ions out of the cell
before equilibrium can be established. Furthermore, for
larger systems the radiative association efficiencies are
typically already quite high, so that adding collisional
stabilization cannot make a major further gain. In order
for bath gas collisions to be useful it must be true that
the long time necessary to establish equilibrium limits
the experiment, that the slowness of the approach to
equilibrium is due to a low probability per collision of
radiative association, and that this low efficiency of
Figure 3. Under the assumption that DSd 5 35 e.u., the two
curves display, at the three indicated temperatures, the highest
pressure of reactant neutral that can be used without driving the
equilibrium to the right by more than a factor of 100.
Figure 4. The curves at the two indicated temperatures show the
smallest size of the complex that can be used to establish and
observe equilibrium, as a function of DHd. Also indicated along
the curves are the maximum pressures in units of torr (from
Figure 3) that can be used at the corresponding DHd value.
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radiative association is due to a low rate of IR photon
emission. An inert collision gas is thus most likely to
make a major gain for a small system (near the lower
size limits discussed above) whose IR radiative intensi-
ties are low, whose DHd is high enough to necessitate
working at very low reagent neutral pressure, and
whose radiative association efficiency per collision is far
below unity. Further modeling of these possibilities has
not been done, but this seems qualitatively like a
promising way to push this technique to somewhat
smaller molecules than the limits suggested above.
Two exceptional situations deserve notice. One is the
case where one of the reactants is an atomic ion (as in
the metal-ion associations of interest to our group
among many). This shifts the equilibrium to the right by
making DSd substantially smaller [10]. With such a shift
in DSd the conclusions drawn from Figures 3 and 4 are
still valid, but the appropriate dissociation enthalpy
values are several kcal mol21 smaller. The other excep-
tional case is molecules with very high radiative inten-
sities: for instance molecules with numerous polar
groups like peptides, fluorinated hydrocarbons, or
polyethers like the present crown ether example. Such
molecules may exchange photons with the environment
an order of magnitude faster than the Standard Hydro-
carbon norm [12, 38], and will accordingly approach
equilibrium faster. The most obvious effect on the
present conclusions is that the size limits represented by
Figure 4 are relaxed, and molecules with perhaps 30%
fewer degrees of freedom (or alternatively, with 4 or 5
kcal mol21 lower binding energy) might be accessible at
a given temperature and pressure.
We can consider whether the establishment of equi-
librium as observed in the present crown-ether experi-
ment is consistent with the limits suggested by the
modeling. Figure 4 does not actually show estimates for
the 324 K temperature of our lowest point, but estimates
are easily made by extrapolation. Based on Figure 4,
using a temperature of 325 K and a pressure of 5 3 1028
torr, we estimate that equilibrium should typically be
measurable with minimum complex size of about 100
degrees of freedom, and a binding enthalpy of less than
30 kcal mol21. Noting that we expect the crown ether to
be an exceptionally fast radiator, we can raise this by a
few kcal to perhaps 34 kcal mol21 as the maximum
binding enthalpy. The complex actually used has 132
degrees of freedom and a binding energy of 28 kcal
mol21, so it appears that it is a case where we would
expect equilibrium to be observable, but fairly close to
the limits of feasibility. This is entirely consistent with
the observation that the experiment was quite feasible
but not easy at the lowest temperature.
Conclusions
The experimental results for the protonated-18-crown-6
hydration equilibrium show that direct associative
equilibrium study is feasible and in fact straightforward
in the FT-ICR ion trap at low pressures where radiative
processes provide the mechanism for internal energy
equilibration with the surroundings. The free energy,
enthalpy, and entropy of hydration found for this ion
are in agreement with the HPMS values, which were
measured using a temperature range nearly 100 °C
higher than was used here. The path seems clear to
using this approach for studying more strongly bound
systems at temperatures of 500 K or higher, which will
make accessible a range of ion–neutral complexes
bound by 10–15 kcal higher energy than are accessible
at HPMS pressures.
The modeling studies give some guidance in the
design of future experiments. The establishment and
observation of associative equilibrium is particularly
problematic for small systems with high binding ener-
gies. At a given temperature there is a minimum size,
very roughly in the region of 50 degrees of freedom,
below which the equilibrium experiment is not feasible
at all, and as we push toward more tightly bound
systems (higher DHd) the minimum molecule size for
which the experiment is feasible rises rapidly.
The particular difficulty predicted for this experi-
ment for small systems with high binding energies may
potentially be alleviated by the use of an inert bath gas
at a pressure above 1025 torr to provide enhanced
collisional energy exchange. The extent to which this
approach can expand the possibilities of the experiment
is not yet clear.
Figures 3 and 4, and the modeling results in general,
indicate that the most effective way to access higher
DHd values is to increase the temperature. Other strat-
egies, such as going to lower pressure, adding degrees
of freedom to the molecules, using a collisional bath
gas, or increasing the useful dynamic range above 100,
can be effective in pushing up the accessible DHd range
under particular circumstances, but these other strate-
gies tend to gain only a few kcal at the cost of great
effort, and can involve various other drawbacks. For the
future, the most effective place for technical virtuosity
in applying this approach to strongly bound complexes
seems to lie in pushing to very high-temperature low-
pressure ion trapping instrumentation (limited, of
course, to systems where the neutral molecule is suffi-
ciently stable to survive the high temperature).
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